) and diffuse (i.e., more elongated, Ω = 779 ± 3 Å 2 ) ion conformer types. Ions were subjected to HDX in the drift tube using D 2 O as the reagent gas. Collision-induced dissociation was used to fragment mobility-selected, isotopically labeled [M -4H] 4− and [M -5H] 5− ions into the protein subchains. Deuterium uptake levels of each chain can be explained by limited inter-chain isotopic scrambling upon collisional activation. Using nominal ion structures from MDS and a hydrogen accessibility model, the deuterium uptake for each chain was correlated to its exposed surface area. In separate experiments, the perresidue deuterium content for the protonated and deprotonated ions of the synthetic peptide KKDDDDDIIKIIK were compared. The differences in deuterium content indicated the regional HDX accessibility for cations versus anions. Using ions of similar conformational type, this comparison highlights the complementary nature of HDX data obtained from positive-and negative-ion analysis.
Introduction
O ver the last 20 years, the elucidation of protein structures has proceeded at an accelerating rate [1] . Because of the importance of protein complexes in performing specific biological functions, over recent years increased attention has been given to the development of techniques for quaternary structure determination. Ideally, X-ray crystallography would be used to provide high-resolution structural information for protein complexes; however, structural studies require the in vitro reconstitution of purified protein subunits as well as the ability to crystallize the protein complex [2] . Although ground breaking studies in the determination of protein quaternary structure occurred in 2000 [3] [4] [5] , there are yet limitations in the elucidation of such structures by X-ray crystallography [2] . Nuclear magnetic resonance spectroscopy (NMR) also suffers from a limitation associated with molecular size; however, recent advances such as magic angle spinning NMR have enabled its limited application to the study of protein subunit architecture [6] . More recently, impressive advances in cryoelectron microscopy have allowed the study of large protein complexes although challenges remain with regard to resolution, throughput, and instrumental parameter optimization (e.g., electron energies) [7, 8] .
To overcome some of the challenges associated with traditional methods of structure characterization, mass spectrometry (MS) techniques have been developed. A major area of research involves chemical modification of the proteins of interest followed by MS characterization of the intact protein (topdown approach) or proteolytic fragments (bottom-up approach). One strategy that is used extensively is solution hydrogen-deuterium exchange (HDX). For typical experiments, a protein is temporarily subjected to exchange (hydrogens for deuteriums -exchange in, or deuteriums for hydrogens -exchange out) followed by reaction quenching, enzymatic digestion, and liquid chromatography (LC)-tandem mass spectrometry (MS/MS) [9, 10] . Several challenges arise from this approach, including digestion efficiency and peptide identification (especially for samples producing complex peptide mixtures) as well as comparing the data with in-silico structures [9] [10] [11] [12] . Another approach involves the use of chemical crosslinking of amino acid residues that are in three-dimensional proximity followed by enzymatic digestion and LC-MS/MS to identify neighboring sites [13, 14] . Similar to HDX studies, peptide ion identification presents a challenge to such an approach. Finally, more recently, a number of studies have sought to introduce other chemical modifications into proteins in solution followed by MS analysis [15] [16] [17] . Although promising, such techniques experience some of the same challenges of the HDX LC-MS/MS approaches and have largely been limited to smaller protein analysis.
During the mid1990s, researchers presented the idea of native MS whereby the composition of ions of noncovalent protein complexes could be analyzed by electrospray ionization (ESI)-MS [18] . Studies in this area have proceeded rapidly over the last two decades, allowing the determination of protein complex masses and stoichiometries [18, 19] . It is recognized that the size of ions that can be interrogated by the approach is nearly limitless, extending to the tens of megadaltons [20] [21] [22] . Additionally, collisional activation can be used to provide some information regarding individual protein subunits [23] . One breakthrough approach has been the use of surfaceinduced dissociation (SID), which allows the preservation of the charge distribution within the product ions [24] . Although native MS provides advantages in terms of sensitivity, throughput, and characterization breadth, challenges associated with sample purity as well as the requirement of unique MS instrumentation and operational conditions exist.
As an expansion of native MS studies, seminal experiments have demonstrated the utility of incorporating ion mobility spectrometry (IMS) measurements. This addition presents shape information for protein complex and aggregate ions in the form of collision cross section (CCS) measurements [25] [26] [27] . Although the concept of comparisons of CCS values for biomolecular ions was established nearly a decade earlier [28] [29] [30] [31] , theoretical approaches for the generation of trial structures for extremely large ions have proceeded at a rapid pace [32] . One notable advantage of the IMS-MS approach for protein complex studies is that collisional activation can be used to study protein complex, subcomplex, and subunit ions [23, 33, 34] . A limitation of IMS-MS studies is that only general information regarding ion shape is obtained. The extraction of higher-resolution structural information requires the ability to obtain relevant comparisons to accurate ion structures as may be obtained by molecular dynamics simulations (MDS). This not only presents challenges with obtaining accurate structures themselves but also with the ability to calculate reliable CCS for many trial structures [32] .
One approach intended to provide additional structural information is the incorporation of gas-phase HDX with IMS-MS analysis. The relative degree of exchange site accessibility has been assessed for different protein ion conformations [35, 36] . Additionally, HDX site accessibility models have been presented for ion structures obtained from MDS [36, 37] . A limitation of the approach is that a detailed description of accessible exchange sites was not possible because of the potential for hydrogen-deuterium (HD) scrambling upon precursor ion fragmentation by collision-induced dissociation (CID) [38] . The introduction of nonergodic ion fragmentation techniques has provided a means for preserving the location of the deuterium uptake label [39] . Indeed, recent studies have demonstrated that per-residue deuterium uptake can be determined for specific ion conformers as distinguished by IMS [40, 41] .
In the accompanying manuscript with this report, IMS-HDX-MS/MS has been performed on peptide anions whereupon precursor ion CID, the locations of charge sites can be determined. Additionally, the study accompanying this work shows some ability to use CID as an ion activation approach for the study of deuterium incorporation within large peptide anions. In this study, bovine insulin is used as a model system to examine the degree of label retention for a multi-chain protein system. In these proof-of-principle studies we find limited HD scrambling up to the separation of the peptide chains. Finally, models to estimate the relative exposed surface area of different insulin subchains are presented. The results are discussed with respect to the applicability of such approaches for protein complex structure characterization.
Experimental

Sample Preparation
Much of the experimental details are presented in the study accompanying this work. Here, only a brief description of the experimental parameters is presented. The synthetic peptide having the sequence of KKDDDDDIIKIIK and bovine insulin (each >90% purity) were purchased (Genscript, Piscataway, NJ, USA and Sigma Aldrich, St. Louis, MO, USA, respectively) and used without further purification. From stock solutions (1.0 mg•mL ) were electrosprayed into the hybrid IMS-MS instrument [41] [42] [43] using a bias of −2200 V.
IMS-MS Measurements
Comprehensive descriptions of IMS instrumentation and applications exist in the literature [25, [44] [45] [46] [47] [48] [49] [50] .The new IMS-MS instrument has also been described previously [41, 42] as well as in the accompanying manuscript. Using a dual ion gate drift tube configuration, electrosprayed anions were periodically pulsed into a drift tube with the first ion gate and mobility selected with the second ion gate. For a given mobility selection, MS and MS/MS spectra were recorded with the linear ion trap (LIT) mass spectrometer (LTQ Velos; ThermoScientific, San Jose, CA, USA). By scanning the delay times between the front and back ion gate, mass spectral characterization of the entire drift time (t D ) distribution was accomplished. For all mobility-resolved MS datasets, the LIT scan parameters employed a m/z range of 80 to 2000. Sample injection times of 200 ms (5 microscans) were utilized; t D -selected precursor ion mass spectra were collected for 0.5 min each. Twodimensional IMS-MS datasets were generated using an algorithm that created a three-column array file associating m/z and intensity (i) information with each t D selection.
HDX Measurements
D 2 O (>99%, Sigma Aldrich, St. Louis, MO, USA) was introduced into the He buffer gas using a separate leak valve (Granville Philips, Longmont, CO, USA); a D 2 O partial pressure setting of 0.04 Torr was used for these studies. Here we note that in previous studies of insulin anions, higher partial pressures of D 2 O were used to obtain maximum HDX levels [42] . A lower pressure is used here to allow the consideration of only the fast exchanging hydrogens [43] . These sites are the most amenable to modeling (exhibiting the same HDX rate) by the HDX accessibility method (see below); t D , m/z distributions were recorded in pure He and subsequently in the He:D 2 O mixture. For specific ion conformers, the number of incorporated deuteriums was determined from the difference in precursor ion average mass before and after exposure to D 2 O. The deuterium content of chain A and chain B fragment ions was also obtained by comparing the m/z values of these ions formed upon CID of precursor ions before and after undergoing HDX.
Because previous experiments have shown that multiple ion conformers can exist for given mobility selections [43] , it is useful to consider the effect of the width of the mobility selection. We have increased the gate width up to 1 ms for the ion conformer types studied and observed no significant difference in the deuterium content of the chain A and chain B fragment ions. For these experiments, we have utilized selection widths of 200 μs to be consistent with the narrowest range of ion conformers possible for the current IMS-MS instrumentation.
Molecular Dynamics Simulations (MDS)
MDS experiments required the creation of the [M -4H] 4− and [M -5H] 5− insulin ion starting structures. Charge site location considerations were the same as those described in the accompanying manuscript. Indeed, the ion structures for the KKDDDDDIIKIIK anions are the same as reported therein. For bovine insulin, there are six acidic residues with one being adjacent to an arginine residue (E21 and R22 on chain B). This site was assumed to form a salt bridge and so, for the [M -5H] 5− insulin ions, all remaining acidic sites were deprotonated. For
−4 insulin ions, Coulomb energy considerations suggest that two negative charges be placed on chain A with the other two being placed on chain B, which has three acidic sites (E4, E17, C-terminus). The intrinsic gas-phase acidity of the E residue is much larger than the C-terminus [51] ; therefore, the E4 and E17 residues were used as charge sites on chain B. Additionally, alternative charge placements for MDS resulted in structures that were too large for comparison with the IMS data and the HDX prediction data matched the above-mentioned charge site configuration.
Starting ion structures for simulated annealing were obtained as described here. Chain A and chain B ions were created as linear species. Each ion was heated separately to 1000 K and subsequently cooled and energy minimized. Low-energy structures for each peptide ion that exhibited similar distances between cysteine residues (as assessed by intra-chain disulfide bonds) were selected and joined with disulfide bonds to form the insulin precursor ion starting structures. Simulated annealing was performed as described previously [41, 43] and lowenergy structures with matching CCSs for the
5− ions were used for the hydrogen accessibility scoring and surface area assessment. The CCS values for 1000 conformers from simulated annealing were calculated using the Mobcal [52] software employing the trajectory method (TM) [53] . Here, the MSMS program was used to calculate the solvent accessible (SAS) and solvent excluded (SES) surface areas [54] . To calculate the SES and SAS values, a probe sphere radius of 1.4 Å and a triangulation density of 1.0 vertex/ Å 2 were used.
Estimating Peptide Chain Deuterium Content Under 100% HD Scrambling Conditions
To estimate the expected deuterium content for 100% HD scrambling, the total number of labile hydrogens was first calculated. Per-site 100% HD scrambling values were calculated by dividing the total uptake by the number of labile hydrogens. The per-site values were then summed for each chain to estimate the expected deuterium content. As an example, consider a dimer peptide ion that contains 30 labile hydrogens and experiences, on average, an increase in mass of 15 Da. Under 100% scrambling conditions, the per-site deuterium content would be~0.5. These values can then be summed for each peptide chain according to its distinctive number of labile hydrogens to determine expected uptake values for individual peptide chain under 100% HD scrambling conditions. This method is the same as the generally accepted method presented by Jorgensen and coworkers [39] .
Hydrogen Accessibility Scoring (HAS)
The model for scoring relative hydrogen accessibility was based on the generally accepted Brelay^mechanism for HDX as presented by Beauchamp and coworkers and Chan and Enke [55, 56] .The current model is similar to other models that considered threshold distances between charge sites and exchange sites; the current model also considers distances between exchange sites and the site of initial deuterium incorporation. Briefly, deuterium uptake predictions were performed for the subchains of bovine insulin using a modified method described previously [41, 57] . As before, the distances between charge sites and exchange sites were determined using nominal ion structures obtained from MDS. Heteroatom exchange sites were then scored (S HDXS ) based on a summation of the inverse distances according to Equation 1.
In Equation 1, d O-H represents the distance between the exchange site and a deprotonated carboxylic acid site. Although, the accessibility treatment presented by Equation 1 describes the relative accessibility of exchange sites to charge sites, the effects of protein fold protection are not taken into account. To investigate exchange site protection from the protein fold, two different methods of chain scoring were used, which are discussed comprehensively below. Insulin subchain scores (representing relative uptake capability) obtained from the S HDXS values modified by the protein fold effects (see below) were then normalized to the total deuterium uptake of the precursor ions and compared with the experimental values.
Results and Discussion
Peptide and Protein Ion Collision Cross Sections ) and are observed to be more intense than the more diffuse triply charged ions appearing at a t D of 10.8 ms (Ω = 595 ± 2 Å 2 ) as shown in Supplementary Figure 1 3− ions and the diffuse conformer types, which shows a structural transition effected by Coulomb repulsion similar to that described previously for protein ions [58] .
Collision cross sections for the dominant features in Figure 1 have been calculated using Equation 2 [59] .
In Equation 2, ze and k B correspond to the charge of the ion and Boltzmann's constant, respectively, and m I and m B correspond to the mass of the ion and the mass of the buffer gas, respectively. The variables E, L, T, and P correspond to the electric field, length of the drift tube, and the temperature and pressure of the buffer gas, respectively. N is neutral number density under standard temperature and pressure (STP) conditions.
Insulin as a Model System for Determining Subunit HD Scrambling
In the study of protein complex structure, a knowledge of the relative amount of exposed surface area of each subunit is desirable. Such information can provide insight about the overall morphology and the arrangement of subunits in a protein complex. Therefore, measurements of total deuterium uptake by each subunit may provide a method for estimating the relative exposed surface area of subunits. For such experiments, HDX-MS/MS data are useful only if no extensive inter-subunit HD scrambling occurs upon dissociation of the precursor ions. Dissociation must occur at an earlier time point than that of extensive proton mobilization between subunits. Insulin was chosen for this study because the single polypeptide chain A is strongly tethered to the separate peptide chain B by two disulfide bonds. The insulin system, therefore, can be considered a worst-case scenario for small protein complex ions. For comparison purposes, Supplementary Table 1 shows the full dissociation normalized collision energies for a series of related peptide dimers of similar size to the insulin system studied here. Notably, the values are nearly 2-fold smaller than those required to dissociate the insulin ions. The small protein was also selected because of the limited m/z range of the LIT mass spectrometer. Admittedly, the ESI solution used in these studies does not resemble native MS conditions. The home-built IMS-MS instrument is significantly less sensitive in negative ion mode. Therefore, the ESI solvent composition for protein and peptide anions was selected based on its ability to provide the largest ion signal levels. Under such conditions, appreciable amounts of multimer ions are not observed for larger peptides. For this reason, disulfide bonded insulin was selected for the study. MDS shows that ion structures matching the IMS and HDX data are sufficiently compact to indicate comparatively close proximity of subchains [60] . Some experiments have shown retention or loss of both sulfur atoms by one peptide ion fragment [61] [62] [63] . Our data shows disulfide bond cleavage similar to one cleavage type (of several) observed in previous protein anion studies [63] .
CID of Insulin Anions to
After exposing the diffuse [M -4H]
4− ions to D 2 O (partial pressure of~0.04 Torr) and subsequently fragmenting the precursor ions using the same activation parameters, a nearly identical mass spectrum is produced. The relative intensities of the precursor ions and doubly charged chain A and chain B ions are similar to those observed prior to the introduction of D 2 O into the drift tube. A difference is that the ions observed after HDX are shifted to higher m/z values, indicating deuterium incorporation by the precursor ions. The [M -5H] 5− insulin ions exhibit similar behavior under CID conditions with the exception that another unassigned fragment ion peak near the precursor ion is observed as shown in Supplementary  Figure 2b . The deuterium content for each peptide chain is calculated by subtracting the m/z of the fragment ion produced from precursor ions not subjected to HDX from the m/z of the same fragment ion produced after HDX.
McLafferty and coworkers first presented the concern of deuterium scrambling within collisionally-activated organic compound ions [64] . Since that time, a number of researchers have demonstrated HD scrambling for collisionally activated biomolecular ions [38, 39, 65, 66] . Although some studies have demonstrated 100% scrambling, including studies of peptide anions [66, 67] , others have suggested that scrambling is less significant and indeed some structural information can be preserved from HDX experiments [38, 65] . The peptide chain deuterium content for the insulin fragment ions has been compared with that expected from 100% HD scrambling (see the Experimental section). The results of this comparison are shown in Figure 2 . Notably, there is a significant difference between the deuterium content values expected for 100% HD scrambling versus the experimentally determined values. Therefore, the data are consistent with the occurrence of insulin chain separation prior to significant proton mobilization leading to 100% HD scrambling. Studies have shown that MS instrument parameters such as collisional activation time can affect the degree of HD scrambling [68] . To support the claim of limited (or no) HD scrambling under these conditions, we have subjected the [M -4H] 4− insulin ions to increased CID activation times. Under these conditions, dissociation of the chain A and chain B peptides shows a shift toward increased inter-chain HD scrambling as presented in Supplementary  Figure 3 . It is also instructive to note that the HDX values were determined using average m/z values of the isotopic envelopes.
To compare the behavior of deprotonated insulin and protonated insulin identical (MS instrument parameters), experiments have been repeated for positively charged insulin ions. Supplementary Figure 4 and Supplementary Figure 5 and [M -5H] 5− insulin ions, respectively. The error bars represent one standard deviation obtained from three separate measurements of mobility-selected ions present a note of caution. The energy distribution of the ion population during the CID process is broad and these comparisons are, thus, only presented as semiquantitative assessments; more precise comparisons can be obtained by utilizing other ion dissociation techniques such as SID [69] .
It is well established that the various fragments produced by CID of peptide ions result from the mobility of available protons. During collisional activation of isotopically labeled peptide ions, this mobility results in the scrambling of the deuterium label. Therefore, the relatively limited HD scrambling observed between chain A and chain B fragment ions may result from what is here termed as limited proton mobilization for these deprotonated species. For such ions, the source of protons is more limited than for protonated ions. For example, there is only one proton source for the [M -5H] 5 
− insulin ions (a neutral carboxylic acid group). In comparison, [M + 5H]
5+ ions would have all protonated basic residues as well as six neutral carboxylic acid residues. Additionally, it should be noted that the proton from the carboxylic acid side chains has been termed Blocally^mobile because of the observation of limited fragment ion types resulting from its translocation [70] [71] [72] . Therefore, the conditions of fewer available protons overall and the limited degree of mobility of some may account for the observed limited inter-chain scrambling (as well as the limited scrambling observed in the manuscript accompanying this work). 4− insulin ions, chain B uptakes a considerably larger number (2.5-fold) of deuterium compared with chain A. Although chain B has a greater number of labile hydrogens than chain A (52 versus 42, red bars in Figure 2) , this difference alone cannot account for the observed deuterium within the different peptide chains. Using a nominal ion structure (conformer type) obtained from MDS (shown in Figure 3 ) along with a hydrogen accessibility scoring method (see the Experimental section), the deuterium content ratio (chain B:chain A) should not be greater than 1.7-fold (yellow bars Figure 2 ). Therefore, it becomes necessary to consider other factors that may result in the greater protection of exchange sites on chain A.
Hydrogen Accessibility Scoring Combined with Protein Fold Considerations
Supplementary Figure 6 shows a near linear relationship between the maximum deuterium uptake level and CCS of different ubiquitin and cytochrome c anions as reported in a recent study [42] . A question that arises is what accounts for the increased uptake levels with increased CCS. For the data shown in Supplementary Figure 6 , ions with larger collision cross sections typically have a greater number of deprotonation sites. Additionally, the more diffuse species should have a greater number of exchange sites exposed to D 2 O. These two effects could account for the large increases in deuterium uptake with CCS for the ubiquitin and cytochrome c ions.
The largest ubiquitin ions exhibit a greater charge density than the smallest cytochrome c ions of similar size and yet they exhibit lower levels of deuterium uptake. Previously it has been suggested that this relative level of protection for the ubiquitin ions results from the fact that a disproportionate number of hydrogens are buried compared with the more exposed sites on cytochrome c ions. [42] It is also noted here that increased ion temperature can enhance the accessibility of exchange sites for species of higher charge density due to more Beffective^(i.e., the formation of a critical reaction complex) conformational fluctuations [37] .
The effects of protein fold protection are expected to decrease dramatically with decreased ion size. For example, for small peptides typically the more diffuse species experience less deuterium uptake [41] . Considering that no residue is completely buried within the peptide, the maximum deuterium uptake levels have been shown to depend primarily on distance from charge sites (e.g., S HDXS values) [41] . In contrast, protein ions may have a considerable number of residues buried in the interior. For example, cytochrome c has more than 200 labile hydrogens, of which less than 40% on average are accessible at buffer gas temperatures of 300 K [37, 42] . Because the charge density does not change significantly with CCS, it may be argued that surface exposure has an increasing impact on hydrogen accessibility for these larger protein ions (even for elongated species). An extension of this concept is that quaternary structure may have a more pronounced effect upon Figure 3a and b, respectively. Exposed regions of chain A and chain B are also shown in Figure 3 . To model the expected deuterium content in chain A and chain B fragment ions while accounting for the effects of protein fold protection, two different approaches have been considered. In the first approach, the S HDXS value (Equation 1) of each hetero atom site is scaled by that site's surface accessibility (H surface ) as estimated from SES values. The chain accessibility scores (S chain ) are then computed using Equation 3.
By scaling the sum of the S chain values to the total deuterium uptake of the precursor ions, comparisons with experimental deuterium content can be made as shown in Figure 4 . Overall, the agreement between experiment and theory is quite good for both the [M -4H] 4− and the [M -5H] 5− ions. The effect of incorporating the surface accessibility parameter is illustrated in Figure 2 where the usage of S HDXS alone does not accurately model the experimental data. Supplementary Figures 7 and 8 show the effect of collision cross section of MDS structures on the ability to match deuterium uptake levels. In the example, a larger collision cross section for [M -4H] 4− ions results in deuterium uptake values that are significantly larger and smaller for peptide chain A and chain B, respectively.
Although the first approach provides a good estimate of the deuterium uptake level for each chain, it does not take into account the total exposed surface area of each chain directly. It is instructive to evaluate a method that incorporates the complete exposed area of each peptide chain. One motivation for using the exposed area of the entire chain is to consider an approach where an estimated exposed surface area can be calculated directly from experimental uptake data. Here the chain surface area exposure (surface chain ) is computed from the sum of the SES values for the individual amino acid residues comprising a given chain. Thus, the new S chain values are determined from
Again, the S chain values can be scaled to the experimental deuterium uptake values and comparisons can be made to the experimental data as shown in Figure 4 . The values are in good agreement with the experimental deuterium content. However, the agreement is not as good as that obtained when using the individual H surface values. Here we note that the good agreement of the former surface accessibility model with the experimental results further supports the idea that only limited HD scrambling occurs up to peptide chain dissociation for these experimental conditions. Although we cannot rule out the possibility of greater HD scrambling that is not accounted for because of the hypothetical structures obtained from MDS, previous experiments have shown that conformational types obtained from MDS do accurately account for deuterium uptake using accessibility modeling [41, 43] . Additionally, we note that surface accessibility and charge site accessibility have been combined in a previous model to account for deuterium uptake by peptide ions [36] . Having incorporated surface chain into the expression for theoretical deuterium uptake, it is useful to consider whether or not experimental values can be related to surface chain without using S HDXS . More interestingly, the question is whether or not the relative surface exposure for subunits in ions of protein complexes can be determined from deuterium uptake values alone. To accomplish such a comparison, another assumption is necessary. Here, we consider the average S HDXS values (S HDXS Þ for both chains as given by:
In Equation 5 , the variable n represents the total number of exchangeable hydrogens for a given peptide chain. The assumption to be made is that S HDXS (chain A) is equal to , it is possible to derive the following ratio:
Here, the values of n a and n b correspond to the total number of exchangeable hydrogens on chain A and chain B, respectively.
Estimating Subchain Surface Area from Deuterium Uptake Measurements
From Equation 6 , it is possible to express the fraction of surface area of each chain according to the manner shown in Equation 7.
For the purposes of this comparison, in Equation 7, S chainA and S insulin would correspond to the deuterium uptake values of chain A and precursor ions, respectively. Knowing values for n A and n B (and by extension n total ), allows the solving of the fractional representation of surface chainA and surface chainB . These can be compared with the fractions obtained from the model structures. Notably, the model structures are here considered as relatively accurate representations of only ion conformation type based on the analysis described above and depicted in Figure 4 . Figure 5 shows the results of the calculation using Equation 7 4− ions and the assumption that is made to generate Equation 6 is less valid for the latter ions. Notably, for protein complexes, the assumption could be more valid in that the hydrogens of the same subunit within a multiple-copy complex may be the same.
A limitation in the comparison in Figure 5 is the inability to estimate an error for the assumption regarding hydrogen accessibility that is necessary for formulating Equation 6 . Therefore, the comparison only provides an estimation of the degree of dissimilarity in surface area assessment. It should be noted that the disagreement observed for the [M -4H] 4− ions may result from the fact that the average accessibility of hydrogens is more different between chain A and chain B compared with the [M -5H] 5− ions. Thus, the latter ions would represent a more uniform charge distribution. We cannot rule out the possibility that a more accurate structure (or subset of structures to reflect conformer dynamics) from MDS could provide better agreement for the former ions. Having noted the limitation, it is instructive to consider the potential applicability of the approach. Consider the possibility that S HDXS could be scaled according to a particular protein system (e.g., different exchange site accessibilities because of differences in charge site density). Supplementary Figure 6 suggests that it may be possible to estimate surface area using characteristic S HDXS for the different subunits within a protein complex.
Comparison of Protonated and Deprotonated KKDDDDDIIKIIK Deuterium Uptake Patterns
One reason for the selection of the KKDDDDDIIKIIK peptide for this study is the opportunity to study sequence effects on hydrogen accessibility. One comparison that can be performed is that of hydrogen accessibility for anions versus cations. The latter species are expected to have charges located on the terminal K residues; however, the anions should have deprotonation sites in the middle of the peptide. Comparing the deuterium uptake patterns of the protonated and deprotonated peptide ions is interesting because hydrogen accessibility in the respective polarity modes should be reversed. Unfortunately, ETD data for [M + 2H] 2+ peptide ions is inefficient and the signal level for the compact [M -3H] 3− ions is insufficient for CID analysis. For this reason, comparisons of species of similar size (CCS) but not necessarily of the same charge state have been performed. To some degree, the hydrogen accessibility model results in a data normalization that allows the comparison of species of different charge state and opposite polarity. , respectively) allowing a rough assessment of conformer type. A cursory comparison of deuterium uptake shows that the overall trend is as expected according to charge site locations. On the protonated peptide, the deuterium uptake at terminal K residues is more pronounced; on the deprotonated peptide, the deuterium uptake at interior D residues is increased. Exceptions are the D4 and D6 residues for which the protonated peptide ion has two labile hydrogens whereas the deprotonated peptide ions have only one; additionally, the possibility for partial HD scrambling may exacerbate this difference in deuterium uptake for the D4 and D6 residues (see the manuscript accompanying this work). This same trend is observed in the comparison of the more diffuse The Complementary Nature of Positive and Negative Polarity HDX As mentioned above, a purpose of this work is to consider the utility of gas-phase HDX as a chemical probe to characterize the surfaces of subunits in protein complexes providing information about complex morphology. One advantage in using D 2 O as the deuterating reagent compared with other compounds (e.g., ND 3 ) is the possibility to also determine charge site locations for gas-phase ions based upon deuterium uptake Bpatches^as described above and depicted in Supplementary  Figure 9 . Residues in closer proximity to charge sites will generally exhibit higher deuterium uptake levels and faster HDX kinetics [37] . Although deuterium uptake may occur on residues that are fairly distant to charge sites because of conformational fluctuations (Bbreathing^), residues within~7 Å of a charge site exhibit more pronounced HDX activity [41] . Therefore, for considerations of exposed surface area, the surface residues that are within 7 Å of a charge site can be considered accessible and the summation of the surface area presented by such residues can represent the total surface accessible by HDX.
To obtain a better understanding of sites that are protected in subunit interface regions, it would be necessary to map the HDX accessible surface as completely as possible. Supplementary Figure 9 shows the HDX accessible surface for a nominal structure for [M -5H] 5− insulin ions according to the type of HDX experiment to be conducted. Notably, a large portion of the total surface area is not accessible (within 7 Å of a positive or negative site). The combination of negative ion analysis does provide a significant enhancement with regard to HDX accessible surface area. For example, for the structure shown in Supplementary Figure 9 , each polarity alone can probe less than 40% of the total surface area; together, both polarities can probe about 60% of the surface area. There is an increase in surface area coverage of~50% by performing HDX in positive-and negative-ion modes. A note of caution is presented. The relatively large inaccessible area should be These experiments that utilize D 2 O could be supplemented with those using ND 3 as the gas-phase reagent. Since ND 3 does not require the formation of a long-lived reaction intermediate bridging two ion locations as with D 2 O [37] , it is suggested to be a more direct probe of hydrogen accessibility [73, 74] . Recently, foundational experiments have demonstrated the use of ND 3 in HDX experiments in which ETD is used to locate sites of deuterium incorporation [40, 75] . Here, and in the manuscript accompanying the work, D 2 O has been used because of location constraints in the HDX process. The requirement that exchange occurs near charge sites provides evidence for the location of charge sites (an important consideration in MDS analysis) as well as the ability to check for inter-chain scrambling using a hydrogen accessibility scoring model described here. Future experiments would benefit from combined HDX experiments using ND 3 and D 2 O. Here, it will be possible to gain information about potential charge site locations as well as to increase the surface area that can be characterized.
Conclusions
Studies with bovine insulin ions demonstrated one advantage of HDX analysis in negative ion mode. The lack of peptide bond cleavage and HD scrambling between chain A and chain B peptides upon dissociation of insulin ions suggests that the analysis of anions may, to some degree, allow the determination of deuterium incorporation for subunit ions within protein complexes. Such a result may be more suitable for an ion dissociation technique with rapid energy deposition such as SID [76] . Additionally, the potential for decreased proton mobilization upon CID of negatively charged ions may allow the generation of the intact peptide chain ions as opposed to the induction of backbone fragmentation, which challenges spectral interpretation as well as the ability to conduct multi-stage tandem mass spectrometry (MS n ) of the individual peptide chain ions.
This work also shows that the deuterium uptake for each peptide chain correlates with its exposed surface area as shown by two different approaches. Although somewhat limited in the precision of the estimation of exposed surface area for some ions, values for each chain can be estimated without using nominal structures from MDS for some ions. This preliminary work still is of benefit for combined IMS-MS experiments. As an example, consider that MDS can determine numerous morphologies with matching collision cross sections. The approach described here can be used to increase the overall selectivity of structure comparisons in order to obtain relevant MDS structures.
Finally, although the HDX accessibility model analysis shows that relatively large portions of protein surfaces can be probed by HDX for select anion conformers, the fraction of the surface area that can be studied by HDX is increased significantly if complementary cation studies are conducted. Tthe different accessibility regions (with D 2 O as the deuterating reagent) for protonated and deprotonated peptides provides an opportunity for mapping a much larger portion of the ion's surface. Such an enhancement may be valuable in the future for elucidating protein-protein interaction regions for protein complex ions as well as charge site locations.
